ABSTRACT: A fragment of a bovine myosin heavychain (MHC) gene approximately 15 kbp in size (designated MHC 67) was isolated from a bovine genomic DNA library. The direction of transcription was determined, and preliminary experiments indicated that the gene was expressed in fetal skeletal muscle. The expression pattern of this gene was, therefore, evaluated in detail using northern blots containing RNA from eleven different bovine muscle and nonmuscle tissues at three developmental ages. A restriction fragment of clone MHC 67 containing the 3' untranslated sequence (which is specific for each MHC gene) was used as a probe. This gene fragment hybridized predominantly to RNA from fetal skeletal muscles and did not hybridize to RNA from either neonatal or adult skeletal muscles (red or white), smooth muscle tissue, or nonmuscle tissue. A 7-kb EcoRI fragment containing both translated and untranslated regions surrounding the 3' end of the gene was subcloned into pBluescript I1 KS+ and partially sequenced. When these bovine sequences were aligned to that of the human and rat skeletal and cardiac MHC genes, we found that these sequences corresponded to exons 31, 32, and 33, and that they had homology with human perinatal and fetal MHC as high as 90% at the nucleotide level and 97% at the amino acid level. Comparison of the nucleotide sequences of isoform-specific 3' nontranslated regions from bovine, human, and rat genes further verify that the MHC 67 clone encodes the bovine fetal or perinatal MHC isoform.
Introduction
Myosin heavy-chain (MHC) genes are present in the genome as multigene families in humans, cows, rabbits, rats, mice, and chickens (Robbins et al., 1982; Leinwand et al., 1983; Friedman et al., 1984; Periasamy et al., 1984; Young et al., 1986; Richter et al., 1987) . Different molecular forms of native myosin have a range of ATPase activities and the MHC genes are expressed in a developmental and tissue-specific manner (Barany, 1967; Whalen, 1980; Chizzonite et al., 1982) . Myosin ATPase activity and the rate of muscle shortening are related (Barany, 1967) ; therefore, changes in myosin isoform expression reflect a physiological response to changes in the contractile properties of the muscle.
The sequence within the coding portion of the various MHC isoforms is highly conserved both within the same species and among different species. However, sequence divergence is pronounced in the 3' noncoding region between the termination codon and the poly ( A ) signal sequence among members of the MHC multigene family within the same species (Efstradiadis et al., 1980; Mahdavi et al., 1982; Wydro et al., 1983; Periasamy et al., 1985; Strehler et al., 1986) . Izumo et al. (1986) exploited this divergence surrounding the 3' end by constructing subclones that recognized individual MHC isoforms with a high degree of specificity. Consequently, the objectives of this work were to study the expression pattern of a fetal bovine MHC gene and to study the structure of a portion of this gene in relation to MHC genes from other species.
Materials and Methods
Probe Preparation. The cDNA probe used for library screening and orientation of transcription, pcC 128, is a quail fast skeletal muscle MHC cDNA clone. This clone was obtained from Charles P. Emerson, University of Virginia, and is a .6-kbp cDNA inserted into the PstI site of pBR322 (Hastings and Emerson, 1982) . Upon PstI digestion, pcC128 yields a .23-kbp fragment containing only coding sequences and a .37-kbp fragment containing both coding and 3' untranslated sequence of approximately equal size. Large-scale purification of these fragments was performed as described (Richter et al., 1987) . All DNA probes were radiolabeled by nick translation using a kit from Amersham (Arlington Heights, IL) to specific activities > 108 cpdpg.
Library Screening and Phage D N A Preparation.
The bovine genomic library was generously provided by F. M. Rottman, Case Western University, as previously reported (Richter et al., 1987) . The Charon 28 library (Woychick et al., 1982) was constructed using partial MboI-digested bovine DNA. Approximately 1 x 106 plaque-forming units (pfu) representing the bovine genome were screened by the in situ hybridization method of Benton and Davis (1977) using both the .23-and .37-kbp fragments of pcC128. Positive plaques obtained after a quaternary screening were used to prepare large-scale (500 mL) phage lysates, and phage DNA was isolated as described in Davis et al. (1986) . Preliminary northern hybridization experiments indicated that one of these clones (designated MHC 67) hybridized more strongly t o RNA from fetal skeletal muscle than to RNA from other tissues at other developmental ages.
Restriction Mapping. A partial restriction map of clone MHC 67 was prepared by using enzymes that recognized 6-bp sequences, and fragments were fractionated on .8% agarose gels. Double restriction enzyme digests were used to unambiguously map some sites. The DNA fragments were transferred to nitrocellulose (Southern, 1975) with two transfers made for each gel. The first transfer was carried out for 45 min and the second was carried out overnight; this allowed hybridization of the same restriction digest to both the .23-kbp and the .37-kbp probes. The resulting information was used to determine the orientation of transcription, because the .23-kbp region is located transcriptionally upstream from the .37-kbp region. Hybridizations were carried out at 42°C for 16 h. The filters were washed three times a t room temperature for 30 min each in 2 x SSC/.l% SDS and at 52°C two times for 30 min each in .1 x SSC/.l% SDS (medium stringency). Composition of SSC is .15 M NaCl and .015 M trisodium citrate. Filters were exposed to x-ray films at -70°C with intensifying screens.
Isolation of D N A Fragments for R N A Expression
Studies. After the restriction map and the orientation of transcription were known, a DNA fragment containing the 3' untranslated region of clone MHC 67 was isolated. Purified MHC 67 DNA was digested with EcoRI and BamHI, and DNA was fractionated by electrophoresis on .8% FMC Sea Plaque low-melting ET AL.
agarose (FMC Bioproducts, Rockland, ME 1. The 5.2-kbp EcoRIIBamHI band was excised, the agarose was melted at 68"C, and the DNA was recovered using Elutip-d columns (Schleicher and Schuell, Keene, NH) according to the manufacturer's specifications. The purified fragment, which contained both coding and noncoding sequences, was 32P-labeled by nick translation. To determine whether or not the sequence in the 5.2-kbp fragment was unique, it was hybridized back to Southern blots of restriction digests of bovine genomic DNA; the genomic DNA was digested with the same enzymes used to isolate the 3'-end fragment. When stringent washing conditions were used (. 1 x SSC/.l% SDS at 65"C), only one band was present on the genomic DNA blot, indicating that this probe would specifically and exclusively detect its complementary sequence.
R N A Isolation and Blot Hybridization. Bovine tissues from the atrium, ventricle, aorta, liver, adductor muscle, diaphragm muscle, longissimus muscle, psoas muscle, rectus abdominis muscle, semitendinosus muscle, and triceps muscle from fetal, neonatal, and adult Angus cattle were isolated within 15 min of slaughter and immediately submerged in guanidineisothiocyanate buffer (Davis et al., 1986) . Samples were then homogenized and stored at -70°C until RNA was prepared as described by Davis et al. (1986) . Three different dilutions of RNA from the above ages and tissues were blotted onto nitrocellulose to form dot blots according to the manufacturers specifications (Schleicher and Schuell) and hybridized to the 5.2-kbp fragment of MHC 67 described above. Stringent washing conditions were employed, the filters were exposed to x-ray films using intensifier screens, and films were scanned with a densitometer.
Isolation of DNA Restriction Fragments for Subcloning. Phage DNA from clone MHC 67 was digested with EcoRI (Promega, Madison, WI) according to the manufacturer's specifications. After digestion, the DNA was loaded on an .8% agarose gel containing .5 pglmL of ethidium bromide. The DNA bands were visualized by placing the gel on an ultraviolet ( U V ) box, and the 7-kbp EcoRI band (Figure 1 ) containing the MHC 3' coding and noncoding regions was excised from the gel with a sterile scalpel. The DNA was recovered by electroelution into dialysis bags (Maniatis et al., 1982) . The resulting DNA solution was phenol-chloroform-extracted, precipitated with ethanol, the 7-kbp fragment was recovered by centrifugation, and its concentration was estimated on a .8% agarose gel by comparison to the intensity of known amounts of HindIII-digested lambda DNA.
Preparation of Cloning Vector pBluescript 11 KS + .
The vector phagemid pBluescript I1 KS(+) used in the cloning and sequencing of MHC 67 was obtained from Stratagene (La Jolla, CAI. The KS designation indicates that the polylinker is oriented such that beta-galactosidase transcription proceeds through the KpnI site first and the Sac1 site last. The pBluescript I1 plasmid carries an f l origin of replication, allowing insert whose transcription direction was the same as the direction of beta-galactosidase were designated as pBMHC7(+), otherwise as pBMHC7(-). The 7-kbp EcoRI fragment was purified from phagemid pBluescript I1 following the procedures described earlier. A partial restriction map of the pBluescript clone prepared by digesting of the 7-kbp fragment with HindIII, BamHI, and HindIIIIBamHI was identical to that of the 7-kbp fragment purified from the original phage clone MHC 67. To facilitate DNA sequencing, the 7-kbp fragment was digested with EcoRI and BamHI, and the resulting 5.2-, 1 . 5 , and .8-kbp fragments were also subcloned into pBluescript as described above; these three subclones are referred to as pBMHC5, pBMHC1.5, and pBMHC0.8, respectively.
Sequencing Reaction Using the Dideoxy Method.
The sequencing reaction was performed according to the Technical Manual of the TaqTrack Sequencing Systems (Promega, Madison, WI). Equal molar quantities (1.0 pmol) of ssDNA and sequencing primer (Research Genetics, Huntsville, AL) were mixed, and the mixture was incubated a t 37°C for 10 min to anneal the template and primer. Sequencing gels were placed in x-ray cassettes with Kodak XAR-5 film (Eastman Kodak, Rochester, NY) in direct contact with the gel and autoradiographed at room temperature overnight. After exposure the film was processed in Kodak GBX developer and fixer according to the manufacturer's instructions.
Sequencing Strategy. The sequencing of the MHC 67 DNA clone was first started in clones pBMHC7(-) and pBMHC0.8(+) by using M13(-20) primer ( 5'GTAAAACGACGGCCAGT3').
The sequences (1,131 bases) obtained from these clones were then used as information to synthesize appropriate primers for further sequencing. A suitable fragment of 20
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klbbase pal m-{ Figure 1 . Partial restriction map of myosin heavy chain (MHC) 67. The vector DNA is indicated by a single line, and the insert DNA is expanded to a boxed area. The insert DNA is further divided with areas for the smallest restriction fragment that hybridized with the .23-kbp probe, the .37-kbp probe, or both probes. For example, the 3.1-kbp EcoRIIHindIII fragment hybridized only to the .37-kbp quail pcC128 probe, whereas the 2.3-kbp BamHIIHindIII fragment of MHC 67 hybridized only to the .23-kbp quail pcC128 probe. The 7-kbp EcoRI fragment of MHC 67 hybridized to both of the quail probes, and this 7-kbp fragment was subcloned for DNA sequence analysis. The arrow above the map indicates the direction of transcription from 5' to 3'. The two brackets underneath the map indicate regions whose DNA sequence is reported in Figures 3  and 4. single-stranded DNA rescue for single-strand DNA sequencing. The orientation of the 7-kbp fragment within pBluescript was determined by restriction enzyme mapping. The clones with the MHC gene aThe nucleotide and derived amino acid sequences encoded by the first three exons of clone MHC 67 and its 3' untranslated sequence were compared with analogous regions from seven other MHC cDNA. These include the human embryonic (Karsch-Mizrachi et al., 1990) , human perinatal (Feghali and Leinwand, 19901, human fetal (Bober et al., 19901 , human betdslow skeletal (Saez and Leinwand, 1986) , rat embryonic (Strehler et al., 1986) , rat perinatal (Periasamy et al., 1984) , and betafslow skeletal (Kraft et al., 1989) isoforms. nucleotides was chosen from the known sequence information of each clone with the help of the computer program Oligo 4.0 for analyzing duplex and hairpin formation of the primer itself and the melting temperature (Tm). The primers were synthesized by Research Genetics (Huntsville, AL). The sequence of all regions was verified in independent sequencing reactions.
Sequence Comparison and Analysis. Analyses of DNA and DNA-derived amino acid sequences obtained from partial sequences of pBMHC7(-), pBMHC5(-), and pBMHC0.8(+) were carried out using PC/Gene Version 6.5 (Genofit SA., Mountain View, CA). The sequences were first aligned with the complete cDNA sequences of human perinatal MHC. The regions with high homology were then compared with the sequences of embryonic, fetal, and adult skeletal MHC isoforms of human and rat.
Identification of the 3' Untranslated Region of MHC 67. The primer used to initiate sequencing of the 3' end region of MHC 67 was selected from Exon 39 of published human and rat perinatal MHC gene sequences, which were aligned and shown to be highly conserved throughout the region (Periasamy et al., 1984; Feghali and Leinwand, 1990) . A 20 nucleotide sequence of the homologous portion was synthesized and used as a sequencing primer for bovine MHC 67. Sequencing was performed as described earlier using the ssDNA purified from the clone pBMHC5. Sequence comparisons were carried out to define the position of 3' coding end and the 3' untranslated region of the MHC gene.
Results
Restriction Map of MHC 67. Eleven positive signals for MHC genes were originally obtained from screening the genomic library (Richter et al., 1987) . Seven of these clones were determined to be unique and nonoverlapping, and one of them (MHC 67) hybridized in preliminary experiments only to RNA isolated from fetal skeletal muscle (Hudson, 1989) . A partial restriction map for MHC 67 is shown in Figure  1 , with the orientation of the direction of transcription indicated by the arrow at the top of the figure. The 5.2-kbp EcoRIIBamHI fragment containing both the 3' untranslated region and a portion of the coding region of the MHC 67 clone was isolated and radioactively labeled as a probe for MHC 67 gene expression.
Expression of MHC 67 in Fetal, Neonatal, and Adult Tissues. The gene for MHC 67 is expressed in the adductor, diaphragm, longissimus dorsi, psoas, and semitendinosus in the bovine fetus but is expressed at 5-to 20-fold lower levels in the same muscles of neonatal and adult animals (Figure 2A ). In contrast, little expression is observed at any age in the bovine atrium, ventricle, aorta, liver, or triceps ET AL. 
D N A Sequence Analysis. Two regions of clone MHC
67 were sequenced for comparison with published data, and these regions are indicated by brackets beneath the restriction map in Figure 1 . The first region corresponds to Exon 31, 32, and 33 of the published MHC gene structure (Figure 3) . From Table 1 it is apparent that at the nucleotide and amino acid levels, the cloned bovine MHC gene is most homologous to the human perinatal and fetal MHC isoforms, with homology of 90.3 and 90.1% in nucleotide and 96.8 and 98.1% in amino acid comparison. The embryonic and betdslow MHC isoforms have the least similarity to MHC 67, with approximately 75% homology.
The second region sequenced includes the 3' end of the MHC 67 gene (Figure 4) . The identification of clone MHC 67 as encoding a bovine perinatal or fetal MHC isoform is more apparent when 3' UTR gaattcaaaaacaaaaaacttgcgttcaaccattcaccactttggaccttttcatagttt atccatctagaaagcagttctggctaccacagttttgaaagccgtgctacttgacgtcta tttcatagttcagaattaggattgtgaaagggggctgagagcttagcacttacccctgtt cctaacctttccccttaattgcctgggcttacttctcag G AAG AAG CTG GCC sequences are compared. Table 1 shows that, in this region, the nucleotide homology between the bovine clone, MHC 67, and the rat and human perinatal and fetal cDNA clones is highest (80.3 and 81.3%). Comparisons of MHC 67 to betdslow MHC isoform cDNA show homology as low as 48.2% in human and 44.9% in rat. Feghali and Leinwand ( 1989) reported that the final 20 C-terminal amino acids are highly conserved in the MHC family, and there is 100% homology between the human and rat perinatal MHC genes in this region. Only two amino acid differences are observed between the bovine fetal MHC and the above genes ( Table 21 , and both of these differences are conservative (isoleucine to valine).
TAT GAG GAA ACT CAG GCT GAG CTT GAG GCC TCC CAG AAT GAG TCC
Y E E T Q A E L E A S Q K E S
Bovine MHC 67 Gene May Be Split into 40 Exons.
Exon number and exon size were compared between embryonic MHC genes from chickens and humans (Table 3 ) using the data of Strehler et al. (1986) and Molina et al. (1987) . Most exon sizes in both MHC genes were conserved, with differences only in exons 2,  3, 7, 16, 17, 40, and 41 . The three bovine MHC exons for which we have full sequence have the same number of nucleotides as exons 31, 32, and 33 of both the chicken and rat embryonic MHC genes. It has been reported that the last eight amino acids and 3' untranslated sequences are contained on a separate exon in all mammalian MHC genes that have been sequenced (Karsch-Mizrach et al., 1990) . When the 3' end of the pBMHC7 was sequenced, the same organization was expected in the bovine MHC gene. However, MHC 67 has a distinct gene organization at the 3' flanking region. As shown in Figure 4 , the last exon includes 49 amino acids and the complete 3' untranslated region, and there is no intron interrupting this region. The gene organization observed in the bovine perinatallfetal MHC gene is similar to that of the embryonic MHC isoform of the chicken. If the assumption is made that all other exons are conserved, this observation indicates that bovine MHC 67 contains 40 exons instead of 41. aThe amino acid sequence of bovine fetal MHC is printed in full in the first line. Identical residues are indicated by dashes, and differences are indicated with the appropriate one-letter designation for amino acids.
Discussion
The heavy chain of myosin has 1,940 amino acid residues in both embryonic rats and chickens as determined by DNA sequence analysis (Strehler et al., 1986; Molina et al., 1987) . As in other species, bovine MHC is encoded by a multigene family (Hudson, 1989) , and a portion of a fetallperinatal gene coding for the C-terminal portion of the molecule and the 3' untranslated region has been isolated and mapped in the present study. By studying its expression pattern in muscle and nonmuscle tissues, and by comparing its sequence with previously described sarcomeric MHC from human and rat, clone MHC 67 has been identified as a perinatal or fetal MHC isoform. DNA sequence analysis indicated that the gene exhibits a high degree of conservation with rat and human skeletal and cardiac MHC. From the comparison of the gene organization of rat and chicken embryonic MHC (Table 3) , it also seems that most of the exon sizes in the MHC genes are also highly conserved.
A consensus polyadenylation signal AATAAA (Proudfoot and Brownlee, 1976 ) is found 98 nucleotides downstream from the stop codon, TGA. Because the corresponding cDNA was not isolated, the last nucleotide and the exact number of nucleotides of the 3' untranslated region of the functional mRNA cannot be determined. Determination of the full extent of the organization of the bovine sarcomeric MHC genes requires more extensive sequence analysis.
Several evolutionary relationships have been drawn from the studies of the nematode, human, rat, and chicken MHC genes (Karn et al., 1983; Strehler et al., 1986; Stedman et al., 1990; Moore et al., 1992) . The phenogram depicting approximate MHC gene divergence chronology has also been illustrated from the comparisons between aligned amino acids sequences of distantly related MHC (Stedman et al., 1990) . However, several questions raised in these studies remain unanswered.
Transcriptional regulation involves the interaction between czs-acting DNA sequences, their cognate truns-acting protein factors, and the basic transcrip- tional machinery. Significant evidence has accumulated to suggest that sequences located 5' to structural genes are responsible for the temporal and spatial expression of the MHC genes (Brand et al., 1991; Subramaniam et al., 1991) . For example, a number of cis-acting thyroid response elements have been defined within 200 bp of the alpha MHC gene's transcriptional start site, and in vitro studies revealed that these cis-elements are involved in the hormonal regulation of MHC gene expression (Gustafson et al., 1986) . The expression of the human beta-MHC genes in cardiac and skeletal muscle is controlled by positive regulatory sequences located within its enhancer and by negative control elements located in its basal promoter (Thompson et al., 1991; Flink, et al., 1992) .
Implications
This research is basic in that one fragment of one member of the myosin gene family has been cloned, the expression pattern has been analyzed in several muscle and nonmuscle tissues, and a portion of its DNA sequence has been determined. Understanding any aspects of regulation of muscle gene expression in large farm animals using DNA sequence information is in its infancy now, but this fundamental information will probably lead to advances in ways that we are as yet unable t o envision.
